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1. INTRODUCTION

The fluidic generator
I 

shown in figure 1 is a pneumatic-to-electri-

cal transducer which provides electrical power for the fuze circuits in

missiles and rockets. In flight, the generator is assumed to operate as

follows: air enters the gcnerator via the entrance or inlet port in the

nose of the rocket. It exits from the annular nozzle as an annular jet

and impinges on the knife edge of the resonant cavity. The cavity has a

mechanical diaphragm on the far end. An oscillation is set up in the

cavity, which has a frequency and amplitude dependent upon (1) the

coupling between the nozzle, the resonant cavity, and the diaphragm; (2)

the temperature, pressure, and density of the air in the inlet region;

and (3) the geometric parameters of the generator. The ac generator

output is rectified by an electrical rectifying circuit so that the

generator acts as a dc voltage source.

COIL k

NAN 0(4 WIRES

Figure 1. Schematic of fluidic
generator (CampagnuoloI).

The generator has been designed empirically to meet the requirements
for numerous rocket and missile systems. At present, it is used as the
power supply for the fuze circuit in the Multiple Launch Rocket System
(MLRS). During preliminary testing of the MLRS there were a number of
generator failures, which were caused by jumps in the generator operat-
ing frequency.* A jump in operating frequency is defined here as a
sudden (discontinuous) shift from the nominal or design oscillation
frequency to a new frequency and continued oscillation at the new fre-
quency. The jumps in oscillating frequency were eliminated through a
redesign of parts of the generator; however, the failures illustrated
the need for an in-depth analysis and mathematical model of the complete
generator. At present, analyses and mathematical models have been
developed only for portions of the generator. A complete mathematical

1C. J. Campagnuolo, Some Applications of Fluidics in Fuzing, Harry
Diamond Laboratories, HDL-TR-1477 (December 1969).

*D. W. Finger, Internal Report for Harry Diamond rLaboratories, Final
Report: Root Cause Analysis, XP4445 Fluidic Generator (February 1979).

5



model could be used at the design stage to determine whether a given

generator can be forced to jump to another operating frequency. It

could also be used to optimize generator design and to determine the

effect on generator operation caused by parameter changes (parameter

changes made to facilitate mass production of the generator).

This is a progress report on the development of a mathematical model

of the fluidic generator for the period September 1978 to September

1979. A number of current studies are concerned with testing, design-

inq, and modeling the flui 4 generator; however, this report is limited

to a review of existing physical and mathematical models of individual
portions of the fluidic generator and a synthesis of these models. This

report specifically contains a discussion of (1) mathematical modeling,
(2) the generator flow field, (3) the generator subsystems, (4) coupling

between the subsystems, and (5) a model of the complete generator.

2. MATHEMATICAL MODELING

A mathematical model of a physical system is a mathematical descrip-
tion of the physical phenomena occurring in the system. A useful model
therefore requires a thorough analysis or understanding of the physical

phenomena involved. This analysis or understanding of the physical

phenomena should he such that a "physical model" can be envisioned,
which resembles the actual physical phenomena in enough detail to satis-

fy the qiven inquiry, but which is simple and thereby more amenable to
analytical studies. Therefore, the mathematical model is based on the

envisioned physical model. For the fluidic generator shown in figure 1,

a physical model requires a thorough analysis of the acoustic-fluid-
mechanical-electrical phenomena involved in qenerator operation. Numer-
ous studies of the fluidic generator have been conducted at the Harry

Diamond Laboratories (HDL),1'2 - 6 and other aqencies; however, the funda-

1C. J. Campagnuolo, Some Applications of Fluidics in Fuzing, Harry
Diamond Laboratories, HDL-TR-1477 (December 1969)

2C. J. Campagnuolo, The Fluidic Generator, Harry Diamond

Laboratories, HDL-TR-1328 (September 1966).
3C. 7. Campagnuolo, Fluidic Power Generators for Ordance Application,

Harry Diamond Laboratories, HDL-TR-1423 (December 1968).
4C. J. Campagnuolo and H. C. Lee, Review of Some Fluid Oscillators,

Harry Diamond Laboratories, HDL-TR-1438 (April 1969).
5 H. S. Kimmel, Development of a Fluidic Velocity Sensor, Harry

Diamond Laboratories, HDL-TM-72-6 (March 1972).
61. C. Lee ind C. J. Campagnuolo, Development of a High Power

Wedge-Tupe Fluidic Generator, Harry Diamond Laboratories, HDL-TM-72-13
(May 1972).
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mental operation has been analyzed in only four studies. 7 9 '* A review

of these analytical studies indicates that there has not been a thorough
analysis of the complete generator. The studies by Lpupold et a1 7' 8

provide a detailed mathematical model of the magnetic circuit, based on
magnetic circuit theory for a circuit with variable magnetic paths. The

study by Mitchell 9 provides a detailed model of the internal mechanical
components of the generator--that is, the diaphragm, reed, and connec-

ting rod. Finger postulates* a fluidic generator with two basic

oscillator mechanisms- the resonant cavity and the diaphragm. Using
this theory, a number of in-flight generator failures were duplicated in
the laboratory, and the failures were eliminated by redesigning subse-
quent generators. Nevertheless, a need still exists for a mathematical

model of the complete fluidic generator.

3. FLUID FLOW FIELD PRECEDING THE FLUIDIC GENERATOR IN FLIGHT

The fluidic generator shown in figure 2 provides electrical power

for rockets and missiles in flight. The fluid input to the system is
ram air collected in the nose of the projectile. The MLRS travels at
supersonic speed throughout most of its trajectory. The fluid immedi-

ately in front of the projectile is also traveling at sipersonic speed
and, in turn, is preceded by a shock wave. Fine1 0 has described the

flow field and the shock wave preceding the MLRS in fliqht. The shock
wave preceding the fluidic generator (see fig. 3) in supersonic flight

is stationary (not oscillating) relative to the generator so that. given
the projectile's trajectory and Mach number, the condition of the air
(pressure, temperature, and density) immediately in the rocket (ram air
input to the generator) can be determined from Standard Atmospheric

Tables
it and Mach Number Tables.

1 2

7 H. A. Leupold et al, Magnetic Circuit Design Studies for an

Inductive Sensor, U.S. Army Electronics Command (ECOM), TR-4158 (October
1973).

8H. A. Le-upold et al, A Flux Circuit Analysis for the Magnetic
Transducer of a Fluidic Reed Generator, U.S. Army Electronics Command
(ECON), TR-4284 (January 1975), 2.

9T,. D. Mitchell, Experimental and Theoretica Analysis of a Fluidic
Generator, Virginia Polytechnic Institute ana State University (in
.-ompZetion of HDL Contract DAAG39-76-R-9164) (August 1977), 4.

10J. E. Fine, Analysis of Wind Tunnel Test Results of Fluidic
Gonerator for High-Altitude Rocket, Harry Diamond Liboratories, !,TDL-TR-

1877 (March 1979).
1 INationa,' (ceanic and Atmospheric Administration, US Standarl

Atmospheric Tables, Washington, DC (1976).
1 2 Ames Research Staff, Equations, Tables, and Charts for Compressible

Flow, National Advisory Committee for Aeronautics, Re nort 1135 (1953).
*D. W. Finger, Internal Report for Harry Diamond 7,boratories, Fin-i

Report: Root Cause Analysis, XM445 Fluidic Generator (February 1979).
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Figure 2. Schematic of fluidic generator in Projectile housing

(Fine 1 0 ).
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4. PHYSICAL AND MATHEMATICAL MODELS OF THE FLUIDIC GENERATOR SUBSYSTEMS

The fluidic generator can be divided into four separate oscillator
subsystems. The four subsystems shown in figure 4 are (1) the jet-
forcing system (the annular nozzle and the knife edge of the resonator),
(2) the resonant cavity, (3) the mechanical diaphragm assembly (the
diaphragm, connecting rod, and reed), and (4) the electrical circuit.

Physical and mathematical models will be postulated for each of the
subsystems in the following sections.

G ET EDACING ELECIDEAL RECTIFEE

0 ' SASYST- AN, Figure 4. Fluidic generator

RESONANT CA-IY
SUBSYSTEM subsystems.

0 0
Uf RORCIA DIAPHRAGM REED ELECTICAL RECTI1EIRSIESTE SBSSTM SUSSTEM

RESORANT CAVITY
$ LIESTE A

4.1 Jet-Forcing Subsystem

The jet-forcing subsystem is shown in figure 1. It consists of
the inlet region, an annular nozzle, and a sharp-edge, cylindrical ring
downstream of the nozzle along the axis. This subsystem has also been

described as an acoustic forcing or acoustic triggering mechanism. It
has been suggested that the actual physical phenomena involved are
either ring-tone oscillation or supersonic screech. Each of these
phenomena will be discussed.

Early analyses9 '* of the qenerator considered that the forcing
phenomena or mechanism was ring-tone oscillation. This type of oscilla-

tion is established when fluid pressure developed in the inlet region
causes an annular jet to issue from a nozzle and, in the presence of the
sharp-edged ring downstream, the annular jet alternately flows into and

9 L. D. Mitchell, Experimental and Theoretical Analysis of a Fluid]ic
rener,4tor, Virginia Polytechnic Institute and State Universitq (in
completion of HDL Contract DAAGC3-76-R-9164) (August 1077), 4.

*D. W. Finger, Internal Report for Harry Diamond Lboratories, Final
Report: Root Cause Analysis, X.M445 Fluidic (7enerator (February 1170).

I),
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out of the ring. The fluctuation of the jet creates an audible tone

called the rinq-tone. The physical phenomena involved--that is, the

fluctuation of the jet about the sharp-edged ring--is similar to that in

the edge tone and the hole tone shown in figure 5.13 The edge tone has

been studied extensively. 14,15 Most of the analyses are in aqreement

concerning the following items.

H (A) EDGE-TONE FLOW FIELD

RECTANGULAR I
NOZZLE - 'r -

WEDGE

(B) HOLE-TONE FLOW FIELD

HOLE

ROUND
NOZZLE

(C) RING-TONE FLOW FIELD

RING

ANNULAR----. ,NOZZLE

Figure 5. Jet flow patterns for edge-, hole-, and ring-tone

oscillations.

13 R. C. Chanaud and A. Powell, Some Experiments Concernir, t.!he !1on e

and Rin Tone, 7. Acoustic Soc. Am. 37, 5 (May 19?65).

11'C. B. Brown, The Vortex Motion Causing Edgetones, Proceodinis of

the Physical S.cciety (London), 49 (1937), 493.
15 A. Powell, on the Edgetone, J. Acoust. Soc. Am., 33 (April 1061),

395 to 409.
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(1) The jet is unstable in the absence of downstream objects
(as a function of Reynolds and Strouhal numbers),

(2) The jet is most sensitive to disturbances at the nozzle
exit region,

(3) Sinusoidal components of the disturbance (at the nozzle
exit region) within the freauency range of jet instability are amplified
as they are propagated downstream,

(4) Jet-edge oscillation is a feedback phenomena, and

(5) The feedback pressure signal is generated when the jet

strikes the downstream object.

Despite the agreement of various analysts and the study of this phenom-
ena for a long time, the exact physical mechanism of the feedback in-
volved is still not fully understood. Therefore, an encompassing mathe-
matical model describing the mechanism does not exist. Brown14 gives an
empirically derived formula which relates oscillation frequency, nozzle
jet velocity, and the distance of the object or sharp edge from the
nozzle:

f = 0.466j 0 1000 (1)

where

f = oscillator frequency (Hz),

u = jet velocity at the nozzle (m/s),
h = distance of the downstream object from the nozzle (m), and
j = a constant, giving the mode of oscillation.

The constant j was experimentally determined to have four values, 1,
2.3, 3.8, and 5.4 corresponding to the first, second, third, and fourth
mode or stage of operation. A typical jet-edge frequency versus jet
velocity plot with frequency jumps is shown in figure 6. The ring-tone,
edge-tone mechanisms are usually associated with low-speed, subsonic jet
flow with Reynolds Number < 2000.

The jet-forcing mechanism may also be the supersonic screech
phenomena. This phenomena is defined as the audible periodic pressure
fluctuations in the far field radiated from a supersonic free jet, which
is oscillating due to a feedback phenomena. 16  The jet oscillation and

14G. B. Brown, The Vortex Motion Causing Edgetonos, Proceedins of the
Physical Society (London), 49 (1937), 493.

1 6V. Sarohia, Some Fight Simulation Experiments on Jet Noise from
Supersonic Undcrexpanded Flows, AIAI Journal, 16, 7 (July 1978), 710 to
716.

11



associated screech tone occur without objects in the flow field. This
phenomena can occur in the fluidic generator if the ratio of the nozzle
exit pressure to the inlet supply pressure becomes critical (that is,
less than or equal to 0.527), so that jet velocity becomes sonic at the
nozzle. The mass flow through the annular nozzle is then choked.
However, after a distance from the nozzle (dependent on the pressure
ratio), the jet expands and then contracts to its original diameter.
This process of expansion and contraction repeats itself, being modified
or damped only by turbulent mixing. Several cycles can normally be
detected by Schlieren photography and form what has been called a cellu-
lar pattern (see fig. 7). Shock waves form during the contraction at
the end of the cells, growing inwards in the upstream direction from the
point of the minimum area so as to finally form a conical structure.
Powell 17 describes the mechanism of choked jets and an associated noise
in detail. It will be noted here only that the frequency associated
with the periodic fluctuations or screech has jumps similar to the edge-
tone phenomena described earlier.

+A

Figure 6. Typical edge-tone
frequency versus
nozzle velocity plot.

I + YSrEFTIC FREGUENCY
I JUMPS BETWEEN STAGES

NOZZLE VELOCITY JU)

11A. Powell, On the Mechanism of Choked Jet Noise, Proceedings of The
Physical Society, Ser. B, 66 (1956), 1039 to 1056.

12



Figure 7. Shiock cell

FLOW -- i ;tructure.

EXPANSIONS COMPRESSIONS MIXING REGION

The rise in ram-air temperature due to aerodynamic heating has

been postulated as a cause of the frequency jumps observed during MLRS

fuze testing.* This rise in air temperature due to aerodynamic heating

can be determined by using Standard Atmospheric Tables and Mach Number

Tables in the manner used to determine ram-air generator input Pressure

(see sect. 3). However, if the jet-forcing mechanism is supersonic

screech, there will be additional heating of the air if the nozzle-to-
cavity opening is such that a compression region of the free jet

(fig. 7) exists at the cavity opening. Under these conditions, there

will be periodic compression and expansion of the gas within the
straight section or neck of the cavity which can cause irreversible
temperature increases which are several times the input temperature.

This resonance-tube type of heating is described by Sinha. 1 8  His anal-
ysis is of the resonance-tube geometry shown in figure 8. The fluidic

generator geometry is somewhat different; however, a resonance-tuhe type
of heating can occur under the conditions described above. Thus, the

additional heating which can result from a supersonic screech jet-forc-
ing mechanism is another reason for determining which of the two phenom-

ena is involved. The actual forcing mechanism involved in the fluidic

generator, whether ring-tone or supersonic screech, can he determined by
measuring the nozzle exit velocity.

4.2 Resonant Cavity Subsystem

The resonant cavity subsystem of the fluidic generator consists

of the fixed volume outlined by the dashed line in fioure 2. This

portion of the system is normally thought of as a passive acoustic or
fluidic resonant circuit with high Q (narrow handpass). It has been
modeled as a closed organ pipe and as a Helmholtz resonator. If the

18 R. Sinha, A Theoretical Analysis of Resonance Tube, The Singer

Company Kearfott Division, Final Report KD 72-82, for Department of the
Army, Picatinny Arsenal, Contract No. DAAA 21-72-C-0500 (October 1972).

*D. W. Finger, Internal Report for Harry Diamond Laboratories, Final

Report: Root Cause Analysis, xM445 Fluidic Generator (February 1979).



NOZZLE RESONANCE TUBE Figure 8. Schematic diagram--
_ _ _resonance-tube config-

FLOW ____ _ END WALL uration (Sinha1
S)

cavity is thought of as a closed organ pipe, then physically the acous-
tic disturbance at the mouth of the cavity must be a plane wave and
propagate through the cavity in the x direction only along the primary
axis of the cavity (see fig. 2). This physical model neglects the
enlarged volume of the truncated cone section of the cavity. The mathe-
matical model for this closed pipe gives a resonant frequency, f, of

(N - 1/2)c (2)
2(M)

where £ = the length of the cavity (m),
c = the speed of sound in the cavity (m/s), and
N = 1,2,3...

Modeling the cavity in this manner also implies that harmonics N = 2,
3... are important.

If the cavity is thought of as a Helmholtz resonator, then
physically the acoustic disturbance at the mouth of the cavity causes
the air in the neck or straight section (fig. 2) to move as a unit (or
as a mass element). The air within the truncated cone section of the
cavity acts as a pneumatic spring as it is alternately compressed and
expanded by the mass element at the resonant frequency. The instantane-
ous pressure is the same throughout the truncated cone section of the
cavity. When the cavity is modeled as a Helmholtz oscillator, it has an
electrical equivalent circuit impedance to acoustic or fluidic input
like that shown in figure 9, where pressure is the variable analogous to
voltage, and volume flow is the variable analogous to current. A
lumped-parameter model can be used when the wave number, ), which is
equal to k /21T, is large with respect to the largest cavity dimension.
The equivaient resistance accounts for any signal loss in the cavity due
to frictional heating or radiation. The process is thought to be iso-
thermal; therefore, the resistive losses are due to radiation. Resist-
ance, R, is given as

pck
2

W
R - -- (3)P 2n2

where p = fluid density, (kg/m 3 ), P
c = speed of sound in the medium, n - (m/s),P

14
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n = polytropic constant,

k= wavelength constant ! (1/m), andc

w = 2nf = angular frequency (rad/s).

The inertance, Lp, accounts for the tendency of the air in the

neck or straight section of the cavity to move as a solid mass or slug

of air. It is given as

4p £1
L = f (4)

P iD

where k. = length of the straight section (m),

p fluid density (kg/m3 ), and

D, = diameter of the straight section (m).

P1 RP Lp PO EO

Figure 9. Electrical equivalent

circuit for Helmholtz resonator.

Cp

The equivalent capacitance describes the compressibility of the air in

the truncated cone section of the cavity. It is given as

C - nPV (2 - D 1)
2

+ DI(D 2 - DI) + D,

avg avg

where V = volume of the truncated cone section of the cavity (m3),

= length of the truncated cone section (m),
D = large diameter of truncated cone (m), and

Pavg = average pressure in the truncated cone section of the

cavity (N/m2 ).

The transfer function for the equivalent circuit is

P
o 1 ( 6 )

P1 L C s2 + R C s2 + 1
p p p p

1.5

...............................................



Thus, the resonant frequency is

1 1 _ 1 / n vgD
2 LC 2 ~ / 2i n avg D (7)

f = TT 22 (D2 - D) 2  
+ D (D 2  - D )+ D(7

The frequency given by the Helmholtz resonater model of the cavity

corresponds to the fundamental resonant mode of oscillation given by the
organ pipe model equation (2), where N = 1.

Finally, the cavity can be described as a mechanical waveguide,

as discussed by Schmidlini 9 and Franke et al.2 0 This model was based on

a solution of the wave equation treating the cavity as a mechanical

waveguide. The initial analysis by Schmidlin 1 9 of the cylindrical

cavity showed a series of resonant frequencies which were functions of

the cavity dimensions and the acoustic speed in the fluid. Subsequent

experiments by Franke 2 0 verified the analytical results.

4.3 Mechanical Diaphragm Subsystem

The mechanical diaphragm assembly or subsystem consists of the

diaphragm, connecting rod, reed, and the connecting hardware shown in

figure 1. The study by Mitchell 9 gives a thorough physical and mathe-

matical description of this subsystem. The mechanical impedance circuit

model of the subsystem is shown in figure 10. A digital computer,

mechanical circuit-analysis program called the Impedance Modeling Pro-

gram (IMP, version V) 2 1 was used to analyze the mathematical model of

the diaphragm assembly and to predict the response of the reed to a

dynamic input pressure on the diaphragm. It should be noted that this

model of the diaphragm accounts for only the first natural mode of

oscillation of the diaphragm. The theoretical response c-mpares well

with dynamic test data on the subsystem (see fig. 11).

9L. D. Mitchell, Experimental and Theoretical Analysis of a Fluidic

Generator, Virginia Polytechnic Institute and State University (in
completion of HDL Contract DAAG39-76-R-9164) (August 1977), 4.

19A. P. Schmidlin and E. L. Rakowsky, A Jet Driven Flueric
Oscillator, Advances in Fluidics, ASME (1967), 282 to 297.

2 0M. E. Franke, G. Jones Ill, and 11. A. Olsen, Jet Driven Cylindrical
Cavity Oscillators, ASME Paper No. 72-WA/Flcs-4 (November 1972).

2 1L. D. Mitchell, Program Documentation: IMPV Class Notes for ME

5120, available from the Department of Mechanical Engineering, Randolph
hal1, Virginia Polytechnic Institute and State University, Blacksburg,
VA (n.d.).
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The electrical equivalent circuit model of the diaphragm is

shown in figure 12, where force is the variable analogous to voltage,
and velocity is the variable analogous to current. This is a very
detailed circuit model; it can be simplified by assuming that the center
of the diaphragm, connecting rod and end of the reed move as a single
body. This simplification leads to the circuit in figure 13. The
simplified electrical equivalent circuit model is shown in -iqure 14.
This network is still rather complicated, and it is useful to analyze it
with an electric circuit-analysis program. The electrical equivalent
inductance Lm accounts for the masses in the system:

m
L - , (8)

m A2
D

where AD area of the diaphragm (m2 ) and

mi mass (kg).
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The electrical equivalent capacitance, Cm, accounts for the
compliances in the system. It is given as

A
2
D

C = L , (9)
m k

where

k = mechanical spring rate of compliances in the system (N/m).

The equivalent resistance R accounts for the structural and viscous
damping in the system. It is given as

R = g (10)
m A2

D

where g = mass rate (kg/s).

4.4 Electrical Subsystems

The electrical subsystem of the fluidic generator consists of
the coil in the magnetic field (see fig. 15), and the fuze circuit
load. The coil impedance, Zc, is

Z (s) = R + sL , (11)
c c c

19

.



A NCO AANE I

REED ANCHORED HRER PERMALLOY 0I SOFT IRON KEEPER

RESONATOR CAVITY

ANNULAR ORIFICE

REO ODF DU-MAX MO 22 FLOW
ELECTRICAL STEEL CONNECTIN

ROD

DLAPHRAGM ROUSING

Figure 15. Schematic view of fluidic
generator with reed-type
magnetic transducer
(Leupold et a18 ).

where Rc is the coil resistance and Lc is the inductance of the coil
which varies as a function of the reed's position in the air gap of the

magnetic circuit. The electronic fuze circuit shown in figure 16 actu-

ally is not a part of the fluidic generator. The fuze circuit is the
generator load. However, it is reactive so that the generator output
voltage is a function of fuze circuit impedance. Therefore, for this
analysis it is considered part of the electrical subsystem of the qener-
ator.

Capacitor C I (fig. 16), in series with the coil circuit imped-
ance, is used to provide an electrical series resonant circuit, which is
close to the resonant frequency of the first three subsystems. This
electrical series resonance boosts the output voltage of the generator
when the MLRS is at high altitude. The fluidic generator ac output
voltage is measured across terminals B and G in figure 16. The R I
R11 6 , C10 7 circuit is used for compatibility with the telemetry I4)
instrumentation.
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5. COUPLING BETWEEN THE OSCILLATOR SUBSYSTEMS

The coupling Fetween the subsystems described in section 4 will now
be discussed.

5.1 Jet-Forcing, Resonant-Cavity Coupling

The jet-forcing, resonant-cavity coupling can take the form of
ring-tone, resonant-cavity coupling or supersonic screech-resonant
cavity coupling. In either case, this is a Class-III oscillator system
as discussed by Chanaud. 2 2  In a Class-III system, a steady stream of
air is brought into oscillation with a resonant or reflecting structure
controlling the feedback. Ring-tone resonant-cavity cnuping will he
considered first. This coupling is complicated by a lack of details
about the ring-tone feedback mechanism, as discussed in section 4.1.
However, this type of coupled mode oscillator system has been studied by
several authors. These studies have concerned resonant cavities of
various shapes and various jet orientations to the plane of the mouth of
the cavity. However, they are all coupled-mode oscillator systems. The
study by Campagnuolo* concerned the single-sided rectangular cavity

shown in fiqure 17, where the jet flow is parallel to the mouth of the
cavity. Campaqnuolo* considered many variations in cavity geometry ani
nozzle jet velocity. He was able to correlate the data geneatae1 by
these parameter variations and obtain an empirical equation which gives

the approximate system frequency. Gaylord's study 2 3 was concerned with
the doubled-sided or dual-rectangular cavity geometry shown in figure
18. Here again the jet flow is parallel to the mouth of the cavities.
Gaylord2 3 varied cavity oeometry in order to increase the amplitude of
oscillation in the cavity. He also obtained an empirical eqtiation which
gives the approximate frequency of oscillation. Kirshnert used a con-
trol volume technique to derive an equation for the jet-edge resonant-
cavity coupling frequencies (fig. 19) (this os llation mechanism is

similar to that for the ring tone). His work essentially involved
double-sided rectangular cavities similar to the one described by

22R. C. Chanaud, Aerodynamic Whistles, Scientific American, 222, 1
(January 1970), 40 to 46.

2V37¢ Gaylord and V. Carter, Flueric Temperatur,-dens nd Oscillator
Desig'n, Harry Diamond Laboratories, PIDL-TR-142S (April ln).

*C. 2. Campagnuolo, ExperimentaZ Analysis of So f-Maintained

oscillations of a Jet-Edge System with a Resontirl Cvitq, Master's
thesis, Georgetown Utniversity (1962).

tPersonal Communication with Mr. J. M. Kir.,hner, form,. Chief of the
FLuidics Research Branch, Harry Diamond Liboratories, Jan iary 197).
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Gaylord. 2 3  Franke et a1 2 0 considered the jet-driven cylindrical cavity
oscillator shown in figure 20. The cavity is driven by an air jet that
enters the cavity radially through a nozzle on the periphery of the
cavity. The operating frequencies of the oscillator were found to agree
with the eigenfrequencies of the cavity; however, the regions of opera-
tion at these frequencies were shown to depend on the flow rate and to
exhibit characteristics similar to those of a multistage jet-edge reso-
nator. Morel's work24 involved a round jet used to drive a coaxial
cylindrical cavity with an exhaust port (see fig. 21). He was able to
derive an equation for the coupling frequencies, that is, the fre-
quencies at which the hole tone (the oscillator mechanism is the same as
that for the ring tone) and the cavity are coupled to produce a strong
single-frequency oscillation. The studies by these authors are summa-
rized in table 1. In these studies, frequency jumps were observed or
theorized in every case, and the cause in each case was increasing jet
velocity.

A coupled supersonic-screech, resonant-cavity system operates
similarly to the ring-tone resonant-cavity system. They are similar in
that the ring-tone and supersonic-screech tone employ an unstable jet,
amplify disturbance near the nozzle, are geometrically similar, and are
feedback mechanisms. The big difference is in flow rate. In supersonic
screech systems, the mass flow (or jet velocity) in the nozzle is choked
or sonic. However, not all aspects of supersonic Class-III whistles

2 2

are understood. The use of a Galton whistle (fig. 22) by Rice 2 5 as a
sonic altimeter for aircraft is an example of a supersonic-screech,
resonant-cavity system. The flow in the nozzle is choked or sonic;
however, the underexpanded jet expands and becomes supersonic as it
leaves the nozzle. Information obtained from the study by Rice 2 5 is
also given in table 1. The question of frequency jumps was not ad-
dressed.

Information on the HDL fluidic generator and Class-III
whistles 2 2 or resonator systems is also given in table 1 so that compar-
isons can be made. It should be noted that the cavity configurations
listed in table 1, with the exception of the fluidic generator, are
rigid and do not have moving sections (such as the diaphragm in the

fluidic generator).

20M. E. Franke, G. Jones, IrI, and H. A. Olsen, Jet Driven Cylindrical

Cavity Oscillators, ASME Paper No. 72-WA/Flcs-4 (November 1972).2 2 R. C. Chanand, Aerodynamic Whistles, Scientific American, 222, 1

(January 1970), 40 to 46.
2 3W. Gaylord and V. Carter, Flueric Temperature-Sensing Oscillator

Design, Harry Diamond Laboratories, HDL-TR-1428 (April 1969).2 4T. Morel, Experimental Study of a Jet-Driven Helmholtz Oscillator,

ASME Winter Annual Meeting, San Francisco, CA (December 197R).
25C. W. Rice, Sonic Altimeter for Aircraft, Aeronautical Engineer

(Trans. ASME), 4 (1932), 61 to 76.
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5.2 Resonant-Cavity Mechanical-Diaphraqm Coupling

The mechanical diaphragm in the fluidic generator is coupled to

the cavity by the air volume in the cavity. 9  If the cavity is consid-
ered a Helmholtz resonator, then the subsystems are coupled by the fluid
capacitor or pneumatic spring, C (see sect. 4.2).

5.3 Mechanical-Diaphragm, Electrical-Circuit/Jet-Forcing Coupling

The diaphragm, connecting rod, and reed assembly are coupled to

the electrical circuit by the magnetic transducer circuit shown in
figure 15. The magnetic circuit transforms the motion of the reed
within the circuit to an ac voltage, which is applied to the electrical
circuit. The magnetic circuit is discussed in detail by Leupold et
al,7' 8 who developed a computer program to facilitate design opti-
mization of the magnetic circuit of future generators. The computer

program list generator output voltage amplitudes as a function of air
gap length (xa), reed thickness (T), and reed displacement amplitude
(a). The program uses the mathematical procedure of sample calculations
given in the report, and it is written in Fortran IV for the Burrough's
5500 computer. Signals reflected from the mechanical diaphragm are fed
back to the nozzle exit region of the jet, thereby coupling the mechan-
ical diaphragm and jet-forcing subsystems. This coupling will be dis-

cussed further in the following section.

6. PHYSICAL AND MATHEMATICAL MODELS OF FLUIDIC GENERATOR

A cursory physical model describing generator operation was given in
the Introduction. In this section, more detailed physical and mathemat-
ical models will he given; they are based on the information in sections
4 and 5. Various levels of modeling the generator will be discussed.
The fluidic generator will also be analyzed in terms of the input energy

supplied to the system.

7H. A. Leupold et al, Magnetic Circuit Design Studies for an
Inductive Sensor, U.S. Army Electronics Command (ECOM), TR-4158 (October
1973).

811. A. Leupold et al, A Flux Circuit Analysis for the Magnetic
Transducer of a Fluidic Reed Generator, U.S. Army Electronics Command
(ECOM), TR-4284 (January 1975), 2.

9L. D. Mitchell, Experimental and Theoretical Analysis of a Fluidic
Generator, Virginia Polytechnic Institute and State University (in
completion of HDL Contract DAAG39-76-R-9164) (August 1977), 4.
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6.1 Physical Model of Fluidic Generator Oscillator Mechanism

The first three subsystems are thought to be interdependent.
Moreover, the fluidic generator operating frequency, which is an impor-
tant aspect of this study, is determined by these subsystems. There-
fore, a physical model for this portion of the system will be developed.

The shock wave preceding the fluidic generator inlet in super-
sonic flight (fig. 3) is stationary relative to the generator (not
oscillating) so that the fluid conditions of the air (pressure, tempera-
ture, and density) immediately in front of the generator inlet can be
determined from normal shock-wave theory. This inlet pressure causes an
annular jet (fig. 1) to issue from the annular nozzle and impinge on the
annular knife edge of the cavity resonator. In the absence of the
cavity (with the knife edge alone), a pressure signal is generatedi by
the impact of the jet against the knife edge. This signal is fed back
to the most sensitive region of the jet at the nozzle e,it. This dis-
turbance signal at the nozzle exit is amplified by the jet as it is
convected forward, toward the knife edge. When the amplified disturb-
ance impacts on the knife edge again, the cycle repeats, and an oscilla-
tion is generated. However, in the presence of the cavity (assuminq
that the diaphragm is rigid), a portion of the jet enters the cavity,
and a second pressure signal is generated, which is a function of the
cavity's preferred modes or frequencies of oscillation. This signal is
also fed back to the nozzle exit region of the jet, where it is ampli-
fied by the jet as it is convected in the forward direction toward the
cavity. As the jet swings into the cavity, the cycle repeats. The
diaphragm is not rigid; therefore, the pressure signal generated in the
cavity not only is fed back, but also deflects the diaphragm. The
diaphragm has its own preferred modes or frequencies of oscillation;
thus, the pressure signal acting on the diaphragm can be amplified or
attenuated (cause large or small deflections of the diaphraqm), depend-
ing on the diaphragm's response characteristics. Thus, a third signal,
which is a measure of the characteristic response of the diaphragm, is
fed back to the nozzle exit region of the jet where it is amplified as
it is convected forward by the jet to complete the cycle.

The combined oscillator system can be described as a Class-
11122 feedback control system (see fig. 23). The jet issuing from the
annular nozzle is unstable and has preferred modes of oscillation that
are a function of the condition of the inlet ram air (temperature,
pressure, and density), and the supply plenum and nozzle geometry.
Small disturbances in the supply plenum or nozzle are amplified as they
are convected downstream by the jet. This instability, which is inde-
pendent of downstream obstructions, manifests itself by the oscillation

22R. C. Chanaud, Aerodynamic Whistles, Scientific American, 222, 1

(January 1970), 40 to 46.
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or wavering of the jet. The forward gain in the system is provided by
the jet. Pressure feedback signals are generated by sonic reflections
from (1) the knife edge, (2) the cavity (assuming that the diaphragm is
not moving), and (3) the moving diaphragm. These feedback signals are
coupled or summed at the nozzle exit region of the jet to complete the
loop. This physical model of the generator, which has been developed in
terms of a feedback control system, can be used as the basis for a
mathematical model, as discussed in the following section.

sAIE GA RAM N. AT ,NSTNRIIry MOOS ELII AENE
. IF FESUELUIDICO GWRAoRAMLI~ NNSU~. N A~ft'~ ~SIGNALEM EN, SNGSE EC

Figure 23. Block diagram of

fluidic generator

feedback oscillator
system.
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6.2 Mathematical Model of Fluidic Generator

A mathematical model for the fluidic generator can be developed
by usinq the appropriate mathematical model for the individual subsys-
tems discussed in section 4. However, the following items must be
determined experimentally in order t(. choose the appropriate subsystem
model.

(1) The annular jet velocity.
(2) The signal propagation or convection speed in the forward

path.
(3) The forward pressure gain of the jet.
(4) The amplitude and path of the feedback signals from the

knife edqe, the cavity, and the diaphragm.
(5) The speed and coupling of the feedback signals.

The magnetic circuit, which couples the mechanical and electri-
cal subsystems, has a strong loading or damping effect on diaphragm
motion. This effect can be modeled with equivalent resistive, induc-

tive, and capacitive impedances--all of which are functions of the
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magnetic flux density in the air gap of the magnetic circuit. The
computer program by Leupold 8 can be used to determine the magnetic flux
density.

The mathematical model of the generator will show the condi-
tions needed for frequency jumps only if the model accounts for the
higher harmonic modes of the individual subsystems. It should be noted
here that, from the latest MLRS test data, it appears that the fluidic
generator operating frequency is primarily influenced by the fundamental
oscillating modes of the individual subsystems. However, the generator
can be forced into higher modes of oscillation, as described in the next
section.

6.3 Generator Input Energy Considerations

The question of jumps in the operating frequency of the fluidic
generator is basically an energy consideration. An oscillating system
with resonant modes or frequencies will operate at the lowest resonant
frequency for which the feedback phase relationships are satisfied, and
the system damping is minimal. The fluidic generator is a Class-I11 22

oscillating system with acoustic feedback. Therefore, any change in the
potential of the input jet will change the signal propagation or convec-
tion speed in the forward path and the acoustic speed in the feedback
path. This will, in turn, change the feedback phase relationships and
can lead to abrupt changes in frequency. The potential energy of the
jet changes with changes in generator inlet air pressure and tempera-
ture. Therefore, for stable single-mode oscillation, it is necessary to
regulate or condition the generator inlet air.

6.4 Computer Simulation

The mathematical model of the generator is needed to (1) deter-
mine whether the generator can be forced into unwanted modes of oscilla-
tion, (2) optimize generator design, and (3) determine the effect on
generator operation caused by parameter changes (parameter changes made
to facilitate mass production of the generator). In order to determine
the conditions which cause the generator to operate in unwanted modes of
oscillation (item (1), sect. 6.2), the generator model must account for
higher modes of oscillation of the generator subsystems, as discussed in
section 6.2. This undoubtedly will lead to a very complex mathematical
model, which must be programmed on the computer for analysis. However,
once the range of values for the critical geometric and environmental

811. A. Leupold et al, A Plux Circuit Analysis for the Magnetic
Transducer of a Fluidic Reed Generator, U.S. Army Electronics Command
(ECOM), TR-4284 (January 1975), 2.

22R. C. Chanaud, Aerodynamic Whistles, Scientific American, 222, 1
(January 1970), 40 to 46.
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factors have been determined for stable single-mode oscillation, then a
less complex model can be used to determine items (2) and (3) above.
Thus, time and cost can be saved if part of the computer analysis in-
volves a less complex mathematical model.

Two mathematical models of portions of the fluidic generator
have been programmed for use on the computer. They are the computer
program of the diaphragm, connecting rod, and reed subsystem model
discussed in section 4.3, and the computer program of the magnetic
circuit model discussed in section 5.3. Both of these programs will be
useful in developing a complete model for the fluidic generator.

7. CONCLUSIONS

The fluidic generator is made up of four subsystems: (1) the jet-
forcing mechanism (the annular nozzle and the knife edge of the resona-
tor), (2) the resonant cavity, (3) the mechanical diaphragm assembly
(the diaphragm, connecting rod, and reed), and (4) the electrical cir-
cuit. The first three subsystems are interdependent and determine the
fluidic generator operating frequency. The fluidic generator is a
feedback control system in which a steady stream or jet of air is
brought into oscillation with a resonant or reflecting structure
controlling the feedback. Disturbances, which occur at the nozzle exit,
are amplified by the fluid jet and convected downstream. Pressure
feedback signals are generated by sonic reflections from (1) the knife
edge or shock waves (2) the cavity (assuming that the diaphragm is not
moving), and (3) the moving diaphragm. The feedback signals are summed
or coupled at the nozzle exit region of the jet. This physical model
shows that the generator can be forced to jump to nondesign frequencies
of oscillation because any change in the potential of the input jet will
change the signal propagation or convection speed in the forwarl path
and the acoustic speed in the feedback path. Thus, the physical model
provides a qualitative answer to the question of jumps in the ienerator
operating frequency.

A mathematical model of the complete generator is needed to provide
quantitative answers to the question of frequency jumps, to optimize
generator designs, and to determine the effect of subsequent parameter
changes on generator operation. Such a mathematical model can be devel-
oped based on the physical model by synthesizing the appropriate subsys-
tem models. However, in order to determine the appropriate subsystem
model, the following generator data must be obtained: the annular jet
velocity and pressure gain, the signal prop gation speed in the forward
and feedback paths, and the amplitude, path, and summation of the feed-
back signals. Continuing studies on the generator will provide the data
needed to develop a mathematical model of the complete generator.
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NOMENCLATURE

a reed displacement amplitude (i)

A area of diaphragm (m2 )D

CD  electrical equivalent capacitance of the diaphragm (m5/N)

C1  electrical capacitance in the generator load circuit (C2/j)
Cm electrical equivalent capacitance of a mechanical system (n/N)

C electrical equivalent capacitance of a pneumatic system (mS/N)

p
c speed of sound -nPv4 /P, m/s

D diameter of cavity straight section (m)

D2  diameter of cavity base (m)

f frequency (Hz)

g mass rate (kg/s)

j constant giving edge-tone mode of oscillation (1, 2.3, 3.8, 5.4)

k mechanical spring of system compliance (N/m)

k W wavelength constant (1/m)

LD electrical equivalent inductance of the diaphragm (Ns2/m5 )

Lc electrical inductance of the coil in the magnetic circuit (Js2/C)

Lm  electrical equivalent inductance of mechanical system (Ns2/m5 )

Lp electrical equivalent inductance of pneumatic system (Ns2/m5)

X total length of the cavity (i)

z a length of the air gap (W)

zI length of the cavity straight section (m)

Z2 length of the truncated cone section of the cavity (m)

m mass of components (kg)

n polytropic constant

N constant = 1, 2, 3...

Pavg average pressure in a given volume (N/m)

P input pressure at the mouth of the cavity (N/m2 )

P0  output pressure at the cavity diaphragm (N/m2 )

RD  electrical equivalent resistance of the diaphragm (Ns/m 5)

Rc electrical resistance of the coil in the magnetic circuit (ohms)
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NOMENCLATURE (Cont'd)

Rm electrical equivalent resistance of a mechanical system (Ns/m
5
)

s Laplace transform variable (1/s)

u jet velocity at the nozzle (m)

V cavity volume (m
3
)

X displacement (m)

x cavity or generator axis (m)

Z c  electrical impedance of the coil in the magnetic circuit (ohms)

P fluid density (kg/m 3 )

w angular Lrequency 27f (rad/s)

T reed thickness m)
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